ABSTRACT To study the mechanism of disappearance of the physiologic third heart sound (S3) with advancing age, combined phonoechocardiographic and phonomechanocardiographic recordings from 165 normal subjects between 6 and 62 years old were quantitatively analyzed. Nearly all individuals under 40 years old had a recordable S3. Although recordable in 38.6% of the 44 subjects over 40 years old, the physiologic S3 found in adults was less intense and occurred later in diastole when compared w"ith that in children and adolescents. Marked changes in left ventricular filling hemodynamics were observed with aging, including an increase in left ventricular wall thickness and mass, a prolongation of the left ventricular isovolumetric relaxation period, a decrease in left ventricular early diastolic filling and wall thinning rates, and a reduction in the height and steepness of the rapid filling wave measured on the calibrated left apexcardiogram (linear correlation with age significant at p < .001 for all parameters). Although less pronounced, these changes were very similar to the diastolic abnormalities found in patients with pressure overload left ventricular hypertrophy. Therefore, the higher pressure load imposed on the left ventricular wall due to the well-known gradual increase in blood pressure that occurs during normal growth and adulthood appears to be the most likely explanation for the observed changes in diastolic filling. It is concluded that the later occurrence, the diminishing amplitude, and the eventual complete disappearance of the physiologic S3 with age results from a decrease in early diastolic left ventricular filling and subsequent deceleration of inflow caused by the development of relative left ventricular hypertrophy in adulthood Circulation 73, No. 5, 877-884, 1986. THE THIRD heart sound (S3) consists of a group of low-frequency vibrations (20 to 70 Hz) occurring in early diastole at an average of 150 msec (range 100 to 240 msec) after closure of the aortic valve. It is well known that the S3 is frequently audible in normal children and adolescents. However, its presence in individuals over the age of 40 years is usually associated with underlying heart disease such as left ventricular failure of various origins or excessive flow through the mitral valve in early diastole (e.g., mitral regurgitation, ventricular septal defect, and patent ductus arteriosus). Conditions associated with high cardiac output (e.g., hyperthyroidism, anemia, fever, and pregnancy) may also give rise to an S3. Except for the earlier 
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occurrence of a high-pitched S3 in patients with constrictive pericarditis (pericardial knock), no manifest differences in timing and quality of physiologic and pathologic S3s have been reported. Therefore, theories on the genesis of the pathologic S3 should also offer a reasonable explanation for the occurrence and disappearance of its physiologic counterpart. Recently we have demonstrated that the vibrations of the S3 occur during rapid deceleration of left ventricular inflow due to a reversed (backward) transmitral pressure gradient caused by a limitation of filling imposed by the left ventricular wall.' The amplitude of this adverse pressure gradient, and hence the amount of deceleration, depends on the height and steepness of the increase in left ventricular pressure after minimum diastolic pressure, or the so-called rapid filling wave (RFW) . This RFW is determined by the preceding amount of inflow, by the completeness of relaxation, and by the viscoelastic properties of the left ventricular myocardium.>' Based on this reasoning we tried to find age-related changes in left ventricular diastolic function and filling hemodynamics that might offer an explanation for the presence and disappearance of the physiologic S3.
Methods
Subjects. The study material consisted of school children, nurses, medical students, medical doctors, and healthy employees from an insurance company. One hundred thirty-eight male and 27 female subjects participated, for a total of 165. To study the effects of age on the prevalence and the determinants of the physiologic S3, healthy young individuals of approximately 6, 12, 18, 24, 30 , and 36 years of age were selected for the study (groups I to VI). A control group consisted of healthy middle-aged subjects between 40 and 62 years old (group VII). Mean ages and clinical data on the different groups are given in table 1.
All subjects were free of history or physical findings suggestive of cardiovascular disease, including hypertension, and in each 12-lead electrocardiographic findings were within normal limits for the age of the individual. The presence of clinical abnormalities, a blood pressure equal to or higher than 140/80 mm Hg, or a dubious electrocardiogram resulted in exclusion from the study.
Methodology and measurements. On an eight-channel inkjet recorder (Siemens-Elema 82), phonocardiograms from the cardiac base and apex were recorded in different frequency ranges with Mannheimer filters with nominal frequencies of 25, 50, 100, 200, and 400 Hz. An S3 was considered to be present whenever characteristic low-frequency vibrations of more than 10% of the height of the second heart sound (S2) were recorded in the 25 Hz band (figure 1). A similar definition has been used for the fourth heart sound (S4) and was found to be adequate for the elimination of baseline noise in the 25 Hz band.5 The ratio of the maximum deflection of S2 and S3 at the apex in the 25 Hz frequency band (S2/S3) was measured and used as a relative index for the intensity of the physiologic S3.
The left apexcardiogram and the jugular venous pulse were recorded with a displacement transducer (Siemens 860). An electronic (a ramp signal with a constant slope) and a mechanical (the displacement of a fixed air volume of 20 mm') calibration signal transmitted through the same differentiating circuit as the recorded pulse allowed calibration of the height and the first time derivative of the left apexcardiogram (expressed in mm3 and mm3/sec, respectively).
The following measurements were obtained: total height and peak first derivative of the RFW of the left apexcardiogram (expressed in mm3 and mm3/sec, respectively); the heights of the RFW and A waves expressed as a percentage of the total height of the left apexcardiogram; and the time intervals (msec) from the onset of S5 to the protodiastolic nadir of the left apexcardiogram (S -0), to the peak of the v wave of the jugular pulse (S2-v), and to the onset of S3 (S2-S3) and from the protodiastolic nadir to the peak of the RFW of the left apexcardiogram (O-F or duration of RFW).
M mode echocardiograms were recorded during mild expiration from the left sternal border with a 2.25 MHz transducer and an lrex system 1I ultrasonic unit. A phonocardiogram from the apical region was recorded simultaneously on the photographic paper. Depending on the requirements, paper speed was 50, 75, or 100 mm/sec. Recordings were made with the transducer in the four classic positions on the chest.
The echocardiograms were processed with the use of a digitizer and a computer program as previously reported. 
Results
Age, resting heart rate, and anthropometric data (weight, height, circumference of thorax during full expiration, and body surface area) are given in table 1. In the total population each of these parameters was significantly correlated with age. In fully grown subjects (groups IV to VII) no significant differences were found with respect to weight, height, body surface area, or heart rate. Circumference of the thorax during expiration, however, increased significantly from group IV to VII. A physiologic S3 was present in all individuals of groups I to III. In the great majority of individuals belonging to groups IV to VI an S3 could also be recorded. In group VII, an S3 was observed in 17 of 44 subjects (38.6%) (table 2) . In all cases the vibrations of the S3 occurred during the initial part of the E-F closing slope of the mitral valve on the echocardiogram (figure 2). The time interval S2-S3 and amplitude ratio S2/S3 increased with aging, indicating a less intense and more delayed physiologic S3 in older individuals (table 2) .
Highly significant age-related changes in isovolumetric relaxation were observed. The left ventricular IVRP measured on the M mode echocardiogram, the S2-O, and the S2-v (an indirect measure of the right ventricular relaxation period) increased significantly with age not only in the total population studied, but also in the groups of adults (IV to VII) with a nearly identical heart rate (table 2). The height and the peak derivative of the RFW significantly decreased with age (also in groups IV to VII), while the duration of O-F significantly increased (table 2) .
As expected, internal diameter, septal and posterior wall thickness, and left ventricular mass all increased .05(NS) -. 1 1(NS) BSA = body surface area; HR = heart rate; r and r' = linear correlation coefficients with age for all groups and for groups IV to VII, respectively; F and F' = F ratio for all groups and for groups IV to VII, respectively. with age in the total population. When adults were considered separately the left ventricular wall thickness and mass further increased with advancing age while the end-systolic internal diameter decreased (table 3) .
In accordance with the observed changes in relaxation times, the normalized thinning rate of the posterior wall also significantly decreased with age in the groups of fully grown individuals. In the total population the normalized maximum rate of increase in left ventricular dimension decreased significantly with age. Between groups IV to VII the differences were statistically insignificant (table 3) .
FS% increased with aging and this increase was most pronounced in the groups of adults (table 3) .
When the height of the RFW and the A wave (both expressed as percent of the total height of the left apexcardiogram) were considered together, opposite changes with aging were found in groups IV to VII (figure 3).
Discriminant analysis was applied to data from groups IV to VII to attempt to predict the presence or absence of an S3 from the anthropometric and hemodynamic parameters measured in this study. Groups I to III were not taken into account for this analysis since all subjects in these groups presented an S3. Parameters selected for inclusion in the model were age, weight, height, circumference of the thorax during full expiration, body surface area, heart rate, left ventricular septal and posterior wall thickness, internal dimensions at end-systole and end-diastole, left ventricular mass, FS%, the maximum normalized rate of increase in left ventricular dimension in early diastole, the maximum normalized thinning rate of the posterior wall, the time 880 intervals S2-v, S2-0, O-F, and the IVRP, the total height and the peak first derivative of the RFW, and the height of RFW and the A wave expressed as a percent of the total deflection of the apexcardiogram.
Age, the IVRP of the left ventricle, and O-F were the only parameters that provided significant discrimination between subjects with and without an S3 (table 4) .
Discussion
The prevalence of the physiologic S3. In the present study an S3 was recordable in nearly all subjects below the age of 36 years and in 38.6% of the normal adults with a mean age of 47.7 years (range 40 to 62 years).
However, the amplitude of the S3 was significantly smaller in adults than in children or adolescents and its time delay after the S2 significantly increased with aging, even in the groups with identical heart rates.
Although we did not establish the relationship between recordability and audibility, it is very likely that many of the S3s recorded in normal subjects over age 40 would have been inaudible. Thus, our observations do not invalidate the clinical axiom that an S3 heard in an individual over the age of 40 years usually indicates underlying heart disease.'0' 11 On the other hand, whether audible or not, the characteristic low-frequency vibrations recorded in 38.6% of normal subjects over the age of 40 were very similar to the vibrations recorded in younger subjects with an audible S3 and therefore can be considered as the external phonocardiographic manifestations of the same process in early diastole. graphic examinations revealed marked age-related changes in filling hemodynamics. In the total population of this study, isovolumetric relaxation times of the right and left ventricles (measured by different techniques) significantly increased with age. In concert with these findings the normalized maximum thinning rate of the left ventricular wall and the normalized maximum rate of increase in left ventricular dimension in early diastole decreased with advancing age. In a group of normal subjects from 4 to 75 years old, Fifer et al.'2 also reported a significant negative correlation between age and left ventricular filling and wall thinning rates derived from M mode echocardiograms. These age-related changes in the left ventricular diastolic properties are remarkably similar, although less pronounced, than the abnormalities observed in patients with left ventricular hypertrophy due to pressure overload. Indeed, pressure overload hypertrophy was found to be associated with a reduced early diastolic relaxation and filling rate and a compensatory increased atrial contribution to filling. [13] [14] [15] [16] [17] [18] [19] [20] In the present study left ventricular wall thickness and mass significantly increased with age, not only within the total population but also within the groups of adults. These results strongly suggest the development of relative left ventricular hypertrophy during normal adulthood as compared with childhood or adolescence.
None of the individuals in the present study had a history of hypertension or electrocardiographic evidence of left ventricular hypertrophy. Blood pressures measured at the time of the noninvasive examinations were all below 140/80 mm Hg. Large population studies performed in children and adolescents with standardized methods have shown that systolic, and to a lesser extent diastolic blood pressures, significantly 882 increase with age in both sexes. 21 22 Thus, an increased pressure load on the left ventricle with advancing age appears to be the most likely explanation for the development of relative hypertrophy during adulthood and for the observed changes in diastolic filling dynamics.
As already discussed, the reduced early diastolic filling due to impaired relaxation in patients with pres 23 point to a reduced left ventricular filling rate and a less rapid deceleration of inflow in early diastole and to a compensatory increased inflow and deceleration rate at the time of atrial contraction with advancing age. Since the vibration of S3and S4 occur during and, in our opinion, are caused by these rapid decelerations, the gradual decrease in intensity, the later occurrence in diastole, and the eventual complete disappearance of the physiologic S3 during adulthood together with the reappearance of an S4 in older individuals27 can be reasonably explained. A more rapid left ventricular relaxation rate due to a higher sympathetic tone could be a valid explanation for the rapid filling and subsequent more sudden halting or deceleration of inflow in early diastole and thus for the presence of a physiologic S3 in younger subjects.
Linear discriminant analysis was applied to identify anthropometric and/or hemodynamic parameters that could be used for predicting the presence or absence of a physiologic S3. The combination of age, left ventricular IVRP (a major determinant of early diastolic filling rate), and the duration of the RFW on the left apexcardiogram (a noninvasive measure of sudden halting or deceleration of early diastolic inflow) provided maximum discrimination between subjects with and without a physiologic S3. These results strongly support the proposed mechanism of disappearance of the physiologic S3. In this respect it is important to note that, in spite of significant differences between the groups, the circumference of the thorax during full expiration was of no value in discriminating between subjects with and without an S3.
The lack of discriminatory value of the circumference of the thorax, the almost linear increase with age in the time delay between S2 and S3 (irrespective of heart rate), and the observation that an S3 can be recorded directly from the freely exposed left ventricular wall,1 28 without any contact with the thoracic wall, strongly argue against the hypothesis that the S3 simply results from early diastolic impact on the chest wall and that diminishing impact with advancing age explains the disappearance of a physiologic S3.29
Recently it was demonstrated that the presence of the S3 was associated with an abrupt termination of an enhanced left ventricular long-axis filling activity in early diastole. 28 30, 31 It is possible that the age-related changes in diastolic properties of the left ventricular wall observed in the present study run parallel with a gradual decrease in longitudinal expansion capacity during early filling. Since we have only measured short-axis changes we could not test this hypothesis in our population. Both concepts can be considered complementary and concern the same basic mechanism: limitation of filling imposed by the left ventricular wall.
In conclusion, the disappearance of a physiologic S3with advancing age was associated with distinct agerelated changes in left ventricular filling hemodynamics. The characteristics of these changes can be summarized as being the result of the development of relative left ventricular hypertrophy during adulthood as compared with childhood. Although there is no proven relationship, a higher pressure load imposed on the left ventricle due to the gradual increase in blood pressure during normal growth and adulthood seems the most likely explanation for the observed changes. The proposed mechanism of disappearance is consistent with our previously reported hypothesis on the genesis of gallop sounds. 1 2 Moreover, it also provides a reasonable explanation for the occurrence of an S4 in older individuals.27 Furthermore, this mechanism fits perfectly into the unitarian concept of the genesis of heart sounds, according to which heart sounds are considered vibrations of the cardiohemic system due to acceleration or deceleration of blood in response to pressure changes.32
